Background: We performed a systematic review and meta-analysis to evaluate the efficacy and safety of high-flow oxygen via nasal cannulae (HFNC) compared to non-invasive ventilation (NIV) and/or standard oxygen in patients with acute, hypoxemic respiratory failure.
Background
Acute hypoxemic respiratory failure is widely prevalent in acutely ill patients. Supplemental oxygen therapy is administered via nasal prong, facemask, non-invasive, or invasive ventilation modalities to correct hypoxemia. Standard nasal prong or facemask systems are limited in the fraction of inspired oxygen, gas flow rate, airway pressure, and comfort delivered as compared to other modalities [1] . Traditional non-invasive positive pressure ventilation via facemask has been applied with benefit to heterogeneous populations with acute respiratory failure, including those with chronic obstructive pulmonary disease [2] , cardiogenic pulmonary edema [3] , and as a weaning strategy in adults intubated for acute respiratory failure [4] . In a systematic review of non-invasive positive pressure ventilation in patients with acute hypoxemic respiratory failure; however, there was no significant reduction in in-hospital mortality [5] . The need for invasive ventilation in patients with acute hypoxemic respiratory failure represents a final common pathway when all other oxygen delivery systems are inadequate and is associated with significant morbidity and mortality [6, 7] .
High-flow oxygen via nasal cannula is a non-invasive therapy where heated, humidified oxygen is delivered via large-bore nasal cannula at flow rates up to 60 L/min. The fraction of inspired oxygen can be titrated to 100%, and the mean airway pressure increases with increasing gas flow rates [8, 9] . Observational studies suggest that high-flow oxygen via nasal cannulae is associated with improved oxygenation, decreased respiratory rate, increased lung volumes, and improved patient comfort as compared to standard oxygen therapy [10] [11] [12] [13] [14] and may be better tolerated than non-invasive ventilation [15] . A recent retrospective analysis of patients initially treated with high-flow oxygen via nasal cannulae but ultimately requiring endotracheal intubation, however, demonstrated lower rates of successful extubation, fewer ventilator-free days, and higher ICU mortality in those with longer durations (> 48 h) of high-flow nasal oxygen prior to intubation [16] . The efficacy and safety of highflow oxygen via nasal cannula for acute hypoxemic respiratory failure in randomized trials remains uncertain.
The objective of this systematic review was to identify, critically appraise, and meta-analyze data from prospective randomized trials comparing high-flow oxygen via nasal cannula to non-invasive ventilation and/or standard oxygen therapy in adult patients with acute hypoxemic respiratory failure.
Methods
We conducted a systematic review adherent to the Methodological Expectations of Cochrane Intervention Reviews framework [17] . Reporting was consistent with the criteria outlined in the Preferred Reporting Items for Systematic Reviews and Meta-Analyses guidelines [18] . This review was ineligible for registration in PROSPERO as the research was too far underway by the time of potential registration. A full protocol for this research can be found in Additional file 1. Ethics approval was not required for this meta-analysis.
Populations, interventions, comparators, outcome measures, settings, and study designs
We posed the question "In adults admitted to an emergency department (ED) or an intensive care unit (ICU) with acute hypoxemic respiratory failure, what is the efficacy and safety of high-flow oxygen via nasal cannula compared to non-invasive ventilation or standard oxygen on mortality, incidence of intubation, patient tolerability and adverse events?" Prospective, randomized controlled trials of adult patients with author-defined acute hypoxemic respiratory failure (at least 80% of the study population) receiving high-flow, humidified oxygen via nasal cannulae were included.
We excluded trials where high-flow oxygen via nasal cannulae was applied prophylactically. We also excluded cross-over trials due to potential carry-over effects of the interventions. Our primary outcome measure was the incidence of mortality at longest duration of follow-up. Secondary outcomes were incidence of endotracheal intubation, patient tolerability, dyspnea rating, and physiologic variables (PaO 2 :FiO 2 ratio, PaCO 2 , pH). Safety outcomes were cardio-respiratory arrest, delirium, and skin breakdown. All outcomes were extracted at the longest duration of study follow-up. The roles of each systematic review team member are presented in Additional file 2.
Search strategy for identification of studies
We searched MEDLINE (Ovid), EMBASE (Ovid), and CENTRAL (the Cochrane Library-Wiley) from inception to February 2016 using individualized search strategies prepared for each database. We performed a forward search in Scopus [19] . The reference lists of relevant narrative and systematic reviews as well as all included trials were hand-searched for possible relevant citations. Reference Management was performed using EndNote™ (ver. X7.5, Thompson Reuters, USA).
We employed a multi-step process for study selection. Initially, two reviewers (M.L, E.F.) independently screened the titles and abstracts of search results to determine whether each study met inclusion criteria. Each report was classified as include, exclude, unclear, or duplicate of another citation. The full text of all reports classified as include or unclear by either reviewer were retrieved for formal review. Next, the two reviewers independently assessed the full text of each trial report, employing a standardized screening form that outlined the predetermined inclusion and exclusion criteria. The form was pilot tested on a sample of studies. All disagreements between the two primary reviewers were resolved by consensus.
Data abstraction
Data were abstracted using a standardized, piloted form and entered into a Microsoft Excel™ database (Microsoft Corp., Redmond, WA). Two reviewers (M.L, E.F.) independently extracted data from individual trial reports, with disagreements resolved through consensus. The following data were extracted from each study where available: author identification, year of publication, language of publication, source of study funding, study design, study population, patient characteristics (age, sex, SAPS II score or other severity of illness score, etiology of respiratory failure), intervention (e.g., method of oxygen administration) and its comparator, as well as results reported for the outcomes of interest.
Internal and external validity assessments
We assessed the internal validity of included trials in duplicate using the Cochrane Collaboration Risk of Bias tool [20, 21] . This tool includes six domains (sequence generation, allocation concealment, blinding, incomplete outcome data, selective outcome reporting, and "other" sources of bias) and classifies the overall risk of bias. If one or more individual domains are assessed as having a high risk of bias, the trial is rated as having a high risk of bias. All domains must have been rated as having a low risk of bias for the overall risk of bias to be classified as low. In cases of unclear risk of bias or mixed assessments of low and unclear risk of bias, the overall score was classified as having an unclear risk of bias.
Information regarding methodological quality was used to guide sensitivity analyses and explore sources of heterogeneity.
We applied the Grading of Recommendations Assessment, Development and Evaluation (GRADE) approach in order to grade the strength of the evidence for our primary outcome [22] . Two reviewers (M.L., R.Z.) evaluated the strength of the body of evidence individually with discrepancies resolved through consensus. Assessment domains include risk of bias, inconsistency, indirectness, imprecision, and other factors. The strength of evidence is classified as "high," "moderate," "low," or "very low."
Measures of treatment effect
We analyzed data from included trials using Review Manager (RevMan version 5.3.5, The Nordic Cochrane Centre, The Cochrane Collaboration, Copenhagen, Denmark). We expressed pooled continuous data as mean differences with 95% confidence intervals. Pooled dichotomous data were presented as risk ratios with 95% confidence intervals. We used random-effects models for all analyses. We quantified statistical heterogeneity of the data using the I-squared test with 95% uncertainty intervals [23] . Trial outcomes and summary effect measures were reported based on intention-to-treat data. Publication bias could not be statistically assessed due to the low number of included trials. All tests of statistical inference reflect a two-sided α of 0.05.
Subgroup analysis
A priori specified subgroup analyses for our primary outcome of mortality included cardiac surgical vs. general ICU patients (population), duration of study therapy (timing), and non-invasive ventilation vs. standard oxygen therapy (comparator) (Additional file 1). Post hoc subgroup analyses included the iterative exclusion of each individual trial to evaluate for individual study effects.
Trial sequential analysis
Many rigorous meta-analyses lack the statistical power to estimate intervention effects, and the spurious rejection of a true null hypothesis (type I error) or acceptance of a false null hypothesis (type II error) can lead to incorrect conclusions regarding intervention effects [24] . Trial sequential analysis is a frequentist method to control type I and type II errors in meta-analyses that calculates a required information size and clarifies whether additional trials are required [25] . In response to reviewer recommendations, we performed a post hoc trial sequential analysis for the primary outcome mortality.
Results
Of the 3209 citations identified from electronic and hand-searches, we included seven unique trial reports [26] [27] [28] [29] [30] [31] (plus two companion publications [32, 33] ) that enrolled 1771 patients (range 40 to 830) ( Table 1 ; Fig. 1 ). Publication year ranged from 2014 to 2016. The mean age of enrolled patients in individual trials ranged from 49 to 75 years. The majority of participants were men (62 and 65%, high-flow nasal oxygen and comparators, respectively). Of the seven included trials four were multicenter [26] [27] [28] [29] . Five trials were conducted in European centers in France, Belgium, and Germany [26] [27] [28] [29] 31] , one in New Zealand [34] , and one in Thailand [30] . All trials were designed as parallel group randomized controlled trials with 1 designed as a non-inferiority trial [27] . All trials were published in English-language journals. All trials were classified as having an overall high risk of bias due to lack of blinding of patients and personnel (Fig. 2) . Settings included mixed medical surgical ICUs [26, 28, 29, 31] , cardiac surgical ICUs [27] , and emergency departments [30, 34] . The etiology of acute respiratory failure was heterogeneously reported.
The comparator in four trials was standard oxygen via nasal prongs or facemask [28] [29] [30] 34] , non-invasive ventilation in two trials [27, 31] , and both standard oxygen and non-invasive ventilation arms in one trial [26] . Oxygen dose, flow rate, and level of pressure support were variably reported. Therapeutic indications ranged from mild to severe hypoxemic respiratory failure. Indications for study therapy were heterogeneous and included preoxygenation for hypoxemic patients requiring emergent endotracheal intubation (duration = 4 min) [28] , oxygen support during bronchoscopy in hypoxemic patients in the ICU (duration~65 min) [31] , and oxygen support during admission for hypoxemia in the emergency department [30, 34] or ICU [26, 27, 29, 35] (duration from 1 h up to resolution of hypoxemia or failure of therapy) (Table 1) . Based on stated patient population, intervention arms, or study design, we excluded 2011 citations after title and abstract screening. We excluded two trials after full-text screening due to absence of outcomes of interest [35] and inappropriate study design (cross-over) [13] . While publication bias could not be statistically assessed due to the number of published trials, there were no completed but unpublished trials in the World Health Organization's Clinical Trial Registry Platform.
Primary outcome
High-flow oxygen via nasal cannula compared to standard oxygen or non-invasive ventilation was not associated with differential rates of mortality (RR 1.01 (95% CI, 0.69-1.48; I 2 = 63%; 1629 patients; five trials)) [26-28, 31, 34] (Fig. 3) . We graded the overall strength of the evidence for a mortality effect as very low (Additional file 4).
Subgroup analysis
In patients randomized to receive oxygen support via high-flow nasal cannulae versus non-invasive ventilation, the risk ratio for death was 1.02 (95% CI, 0.53-1.96; I 2 = 69%; 1034 patients; 3 trials) [26, 27, 31] . In patients randomized to receive oxygen via high-flow nasal cannula versus standard oxygen therapy, the risk ratio for death was 0.94 (95% CI, 0.63-1.39; I 2 = 36%; 595 patients; 3 trials) [26, 28, 34] (Additional file 5). For other a priori specified subgroup analyses including study population, treatment location, and treatment protocol duration, high-flow oxygen was not associated with significant differences in mortality (Additional file 5). In a post hoc subgroup analysis, no significant mortality difference was found when excluding the single noninferiority trial [27] . 
Secondary outcomes Dyspnea
Reported measures of dyspnea varied in scale and timing, limiting conclusive meta-analysis. In a trial of ICU patients with acute hypoxemia, high-flow oxygen via nasal cannulae was associated with significantly improved dyspnea after 1 h of therapy compared to non-invasive ventilation or standard oxygen (percent improvement 75.6% vs. 58.3% vs. 41.9% respectively, p < 0.001) [26] . In a trial of ED patients with acute hypoxemia, high-flow oxygen via nasal cannulae was also associated with significantly improved dyspnea at 1 h as compared to standard oxygen therapy (dyspnea score mean ± SD, 2.0 ± 1.8 high-flow nasal cannulae vs. 3.8 ± 2.3 standard oxygen; p = 0.01) [30] . In a trial of immunosuppressed ICU patients with hypoxemic respiratory failure, a significant difference in dyspnea grade at 120 min was not observed (median 3, IQR 2 to 6, high-flow nasal cannulae vs. 3, 1 to 6, standard oxygen) [29] . In a non-inferiority trial of post-cardiac surgical ICU patients with acute hypoxemic respiratory failure, there were no significant differences in dyspnea scores for patients receiving high-flow oxygen via nasal cannulae vs. non-invasive ventilation on serial assessments over the first 3 days of therapy [27] .
Patient tolerance
High-flow oxygen via nasal cannulae were associated with significantly improved self-reported patient comfort after 60 min of therapy in two trials of ICU and ED patients (SMD − 0.63, 95% CI − 1.11 to − 0.15, I 2 = 54%, 126 patients, 2 trials) [26, 30] . Not all trials, however, reported enhanced patient tolerability of high-flow oxygen via nasal cannulae. In a trial of immunosuppressed ICU patients, a significant difference in patient-reported discomfort after 120 min of therapy was not observed (median, IQR 3, 1-5 high-flow nasal cannulae vs. 3, 0-5 standard oxygen) [29] . Likewise, a non-inferiority trial of cardiac surgical ICU patients with hypoxemic respiratory failure found no significant differences in patient-reported tolerability with high-flow oxygen via nasal cannulae compared to non-invasive ventilation over the first 3 days of therapy [27] .
Physiologic variables
The pooled PaO 2 :FiO 2 ratio at 6 to 12 h was significantly lower in two trials of ICU patients receiving oxygen via high-flow nasal cannulae compared to noninvasive ventilation or standard oxygen for hypoxemic respiratory failure (MD − 53.34, 95% CI − 71.95 to − 34.72, I 2 = 61%, 1143 patients) [26, 27] . The baseline PaO 2 :FiO 2 ratios were similar in both groups. Similarly, in a trial of ICU patients with hypoxemic respiratory failure undergoing bronchoscopy, a lower mean PaO 2 :FiO 2 ratio in patients randomized to high-flow oxygen via nasal cannulae compared to non-invasive ventilation in the immediate pre-and 50-min postbronchoscopy period was observed [31] ; however, this difference was non-significant at 24 h postbronchoscopy [31] . Pooled mean differences in pH and PaCO 2 were non-significant after 6 to 12 h of study therapy in two published trials [26, 27] . 
Safety outcomes
High-flow oxygen via nasal cannulae was not associated with differential rates of endotracheal intubation and mechanical ventilation when compared to non-invasive ventilation or standard oxygen therapy (risk ratio, 0.85; 95% CI, 0.70-1.04; I 2 = 0%, 1605 patients; 5 trials) [26, 27, 29, 31, 34] . High-flow oxygen via nasal cannulae was not associated with statistically significant differential rates of cardio-respiratory arrest compared to non-invasive ventilation or standard oxygen therapy (risk ratio, 0.65; 95% CI, 0.26-1.62; I2 = 0%, 759 patients; 3 trials) [26, 28, 34] . The incidence, severity and duration of delirium and skin breakdown were infrequently reported ( Table 2) .
Trial sequential analysis
Trial sequential analysis was performed for mortality based on a relative risk reduction (RRR) of 0.26, a type I error of 0.05 and a type II error of 0.8. Using a randomeffects model, accounting for heterogeneity (I 2 = 64%) in our sample, the required information size for the outcome of mortality was not reached (n = 6428). The boundaries for benefit, harm, or futility were not reached (Additional file 6).
Discussion
In our systematic review of critically ill patients with hypoxemic respiratory failure, oxygen therapy via high-flow nasal cannulae compared with non-invasive ventilation or standard oxygen was not associated with a significant difference in mortality. The effects on patient-reported dyspnea and patient tolerability were inconsistent. High-flow oxygen via nasal cannulae may be associated with reduced PaO 2 :FiO 2 ratios. Compared to non-invasive ventilation or standard oxygen therapy, we found no difference in the rates of endotracheal intubation and cardio-respiratory arrest in patients receiving high-flow oxygen via nasal cannulae.
The absence of a mortality difference in patients receiving high-flow oxygen via nasal cannulae may reflect the inclusion of patients with mild to severe hypoxemic respiratory failure across a range of severity of illness scores; both within and between included trials. The dose and duration of study interventions were similarly variable with two trials applying the intervention for less than 2 h [28, 31] . The pooled estimate for mortality, however, remained non-significant when the effect of these short duration interventions was removed during subgroup analysis. The strength of evidence for our primary mortality outcome was classified as very low using the GRADE framework due to the inclusion of small pilot trials with a lack of biological plausibility of a mortality effect from such short duration interventions [28, 31] (range 4-120 min). None of the included trials were individually designed or powered to detect mortality as a primary outcome. A post hoc trial sequential analysis revealed that the required information size for the primary outcome mortality was not reached, suggesting that ongoing equipoise exists regarding a differential effect of HFNC on mortality.
While dyspnea and patient tolerability reflect clinically important patient-centered secondary outcomes, heterogeneity in the measurement and reporting or these outcomes precluded meta-analysis. Standardized, validated scales of dyspnea and comfort would, however, facilitate comparative evaluations and knowledge synthesis of future research. Detecting an association between high-flow oxygen via nasal cannulae and lower PaO 2 :FiO 2 ratios was unanticipated. In the individual trials from which PaO 2 :FiO 2 outcomes were abstracted high-flow nasal cannulae were associated with either a mortality benefit [26] or non-inferiority [27] . While commonly used to characterize the severity of ARDS [36] , the ARDSnet investigators found that reductions in the PaO 2 :FiO 2 ratio were inversely associated with mortality [37] , and so, the predictive utility of this commonly reported surrogate outcome is questioned. Further, in the trials reporting PaO 2 :-FiO 2 ratio, FiO 2 was estimated based on device settings in the majority of patients but calculated based on oxygen flow rate in others. Predictive methods of FiO 2 estimation may be insensitive to variation in actual FiO 2 delivered based on device used, nasal prong or mask interface and patient technique.
Due to rare events and under-reporting, differential safety outcomes may not have been fully captured by the included trials. While the pooled effect for high-flow oxygen on the incidence of cardio-respiratory arrest, skin breakdown and delirium failed to reach statistical significance, these clinically relevant outcomes were sparsely reported. Given that both non-invasive ventilation and high-flow oxygen via nasal cannulae have the potential to mask an underlying deterioration in oxygenation until a patient is in extremis, robust reporting of potential adverse clinical events is essential to evaluate efficacy in the context of potential harm [38, 39] .
Although not part of our a priori established systematic review protocol, we observed that no trials presented cost-effectiveness or cost-utility analyses of high-flow oxygen. In one trial that reported a resource intensity variable (number of nursing interventions related to the study intervention) [27] , high-flow oxygen was not associated with a differential nursing workload compared to non-invasive ventilation. When considering the role of high-flow nasal cannulae compared to other therapies, an economic evaluation would contribute valuable information to clinicians, healthcare resource managers, and funding agencies as the incremental costeffectiveness for the provision of standard oxygen, noninvasive ventilation, and high-flow nasal cannulae would be expected to vary.
Our systemic review builds on and is an important refinement of four recently published systematic reviews evaluating high-flow oxygen therapy in heterogeneous groups of patients with respiratory failure or at risk for respiratory failure [40] [41] [42] [43] . In contrast, our review included only trials where high-flow oxygen was used to treat established hypoxemic respiratory failure in critical illness. This distinction is important as the potential effect of high-flow oxygen therapy via nasal cannulae to prevent intubation in those at risk of respiratory failure Rating at 6-12 h post-randomization may be entirely different from the potential effect of high-flow oxygen therapy as a treatment modality for patients with established hypoxemic respiratory failure. We restricted our sample to the inclusion of parallel group intervention trials whereas previously published reviews also included cross-over trials with added potential bias from carry-over effects. While none of the published reviews found a mortality benefit of high-flow oxygen via nasal cannulae, two found that high-flow oxygen via nasal cannulae was associated with lower intubation rates than conventional oxygen therapy [42, 43] while another found no difference in intubation rates [41] . This heterogeneity in summary effect measures highlights the sensitivity of meta-analysis to variable inclusion criteria and further supports the importance of precisely matching the clinical question with inclusion/ exclusion criteria and study design. Our analysis further includes an evaluation of patient-oriented outcomes and clinically important safety variables. Strengths of our systematic review and meta-analysis include the formulation of a focused question pertaining to a novel technology increasing in use; targeting clinically important efficacy and safety outcomes to inform best practice; implementation of a comprehensive, peerreviewed search strategy with no language restriction; and appraisal of internal validity as well as the strength of the evidence using the Cochrane Risk of Bias Tool and GRADE methodology. As all meta-analyzed data were extracted from trials published within the last 3 years, the relevance and generalizability of our findings to current practice is high. We used extensive subgroup and sensitivity analyses to explore sources and the impact of variable treatment indications and duration. We also performed a trial sequential analysis that supported that a conclusion of no differential mortality effect between high-flow oxygen via nasal cannulae, and comparators may represent a type II error. Limitations of our study include low numbers of included trials, a high proportion of included trials at high risk of bias due to the lack of blinding, residual clinical heterogeneity relating to the indication for oxygen support, the duration of the interventions, and duration of follow-up. Small sample sizes of included trials, under powered for important outcomes is another limitation that we addressed through the use of trial sequential analysis. Incomplete reporting of safety measures may also have limited our ability to fully evaluate the safety of high-flow oxygen via nasal cannulae. There were too few published studies to statistically evaluate the presence or impact of publication bias.
Conclusions
In critically ill adults with acute hypoxemic respiratory failure, high-flow oxygen via nasal cannula was not shown to be associated with significant differences in mortality, endotracheal intubation, or cardio-respiratory arrest compared to non-invasive ventilation or standard oxygen therapy. These conclusions should be interpreted in the context of residual heterogeneity between patient populations and the application of the high-flow oxygen among included trials. Potential benefits, including dyspnea and tolerance, in addition to safety outcomes and economic considerations require further evaluation. 
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